Transposable elements (TEs) were originally discovered by Barbara McClintock in maize ([@r1]) and later found to comprise a significant fraction of plant and animal genomes ([@r2]). Well-known for their contribution to total genome size (most recently in refs. [@r3] and [@r4]), transposons are also sources of regulatory element evolution, modulators of gene expression ([@r5]), and a potential basis of large-scale genomic rearrangements ([@r6]).

*Hydra* provides an intriguing system to study the evolutionary history of TEs. The genus is subdivided into 2 major groups: the brown hydras (comprised of the Vulgaris, Oligactis, and Braueri clades) and the algal symbiont-containing green hydra (comprised of the Viridissima clade) ([@r7]). Cnidarian genomes are typically smaller than 500 Mb in size ([@r8]), as in the Viridissima clade, which has a genome size of about 300 Mb. In contrast, the genomes of brown hydras are ∼1 Gb in size ([@r9]). High abundance of TEs in the *Hydra vulgaris* strain 105 genome ([@r9]) has led to the hypothesis that large genome size is due to their expansion in this taxon. However, genomic data from other *Hydra* lineages were required to determine the timing of TE expansion and to rule out other scenarios, such as genome duplication in brown hydras.

To address this question, we sequenced genomes and transcriptomes from 4 brown hydras and 1 *Hydra viridissima* strain ([*Materials and Methods*](#s1){ref-type="sec"}). Using the *H. vulgaris* strain 105 gene set as a reference ([@r10]), we constructed single-ortholog gene families using mutual best BLAST (basic local alignment search tool) hits to a select set of species ([Fig. 1*A*](#fig01){ref-type="fig"}). We used RAxML ([@r11]) to construct a phylogeny ([Fig. 1*A*](#fig01){ref-type="fig"}). The branching order for the 4 *Hydra* clades was identical to that found previously ([@r7]). We used r8s ([@r12]) to estimate divergence times, setting the cnidarian--bilaterian divergence as a calibration point to 550 Mya ([@r13]). We obtained 87 Mya for the beginning of the *Hydra* radiation and 59 Mya for the timing of the brown/green hydra split. These estimates for *Hydra* radiation times are based on transcriptome data and fall between previously reported estimates ([@r7], [@r14]) ([Fig. 1*B*](#fig01){ref-type="fig"}).

![Phylogeny of the genus *Hydra*. (*A*) RAxML phylogeny of *Hydra* and other metazoans. Dating estimates are provided for each node. (*B*) Branching pattern and divergence within the genus *Hydra*. Age estimates in black are from this study, those in blue are from ref. [@r7], and those in red are from refs. [@r14] and [@r24]. Bar charts on the right indicate proportions of the major repeat element classes in each species. Genome sizes are from refs. [@r25] and [@r26].](pnas.1910106116fig01){#fig01}

Using transcriptome data, we searched for evidence of a genome duplication event in the brown hydras. We found that 75% (8,629 out of 11,543) of gene families had the same number of genes in both *H. viridissima* and *H. vulgaris*. Additionally, 84.7% and 81.1% of the gene families contained a single gene from *H. vulgaris* and *H. viridissima*, respectively. Thus, there was no evidence for genome duplication as the explanation for the large genome size in the brown hydras. However, a good reference assembly for the green hydra genome will be required to completely rule out a rediploidization scenario.

To test the contribution of TEs to the *Hydra* genome expansion, we used DNAPipeTE ([@r15]) to identify and assemble highly abundant DNA reads from a random sample of 1 million reads from each species. We found that all of the major TE classes are represented at similar levels in the *Hydra* genomes with the exception of long interspersed nuclear elements (LINEs). LINEs were strikingly enriched (\>6-fold) in the brown hydra genomes ([Fig. 1*B*](#fig01){ref-type="fig"}). We found that 2 of the 3 major LINE classes are overrepresented, L2 and CR1 ([@r16]), comprising at least 8 to 12% of all sampled reads in brown hydras, compared to less than 0.5% in the green hydra.

To determine the evolutionary history of LINEs in the brown hydras, we constructed a similarity graph based on BLASTN scores among all detected LINE consensus sequences. While we could identify contributions from all CR1/L2 families, we found that the expansion was largely limited to a specific region of the graph ([Fig. 2](#fig02){ref-type="fig"}). This indicates that the largest expansion happened in only one or a few highly related CR1 families (as defined by DNAPipeTE), together responsible for at least 28% of the expansion among the brown hydras.

![Expansion of a specific CR1 retrotransposon family in the brown hydra lineage. Sequence similarity graph of LINE families for 5 *Hydra* species. The sizes of the circles correspond to the number of elements within each family, with species colored according to the key. Expansion is restricted to only one part of the graph (larger circles), stemming mostly from a single retrotransposon family (CR1, expanded panel).](pnas.1910106116fig02){#fig02}

We next investigated whether the CR1 expansion happened independently in each brown hydra lineage or at the base of the brown hydra clade. Based on similarity graphs of CR1 families ([Fig. 2](#fig02){ref-type="fig"}), we found that more than half of all DNAPipeTE CR1 families (e.g., 85 out of 116 CR1 families in *Hydra circumcincta* and 60 out of 105 CR1 families in *Hydra oligactis*) could be traced back to the last common brown hydra ancestor. Interestingly, the majority of CR1 sequences in the genomes apparently lack the ability to propagate autonomously, as they are relatively short (478 bp on average, estimated by RepeatCraft, ref. [@r17]).

Taken together, our findings show that a single CR1 family dominated the CR1/L2 LINE expansion after the separation of the green and brown hydra lineages. Given the wide distribution of these elements across the genome, an alternative scenario of repetitive element excision events that happened only in the green hydra lineage seems unlikely. Moreover, the repeat content of the green hydra genome is similar to that of other cnidarians, for example *Nematostella vectensis* ([@r18]), suggesting that this was the ancestral state for *Hydra* and for the phylum Cnidaria in general.

The observed genome expansion pattern in the genus *Hydra* is strikingly different from the other reported recent expansions, such as in larvaceans ([@r3]) and rotifers ([@r4]), in which expansion is due to a combination of various repeat element classes. These observations highlight the diversity of genome expansion events and demonstrate the importance of carrying out genome comparisons across a taxonomic group. Our results also indicate that *Hydra* will be an attractive model system for a targeted study of repeat-driven genome expansion and the role of repeat expansions in speciation.

Materials and Methods {#s1}
=====================

*Hydra* cultures were maintained using standard methods ([@r19]). DNA and RNA extractions were done using Qiagen kits. Library preparation and Illumina sequencing were done using standard methods. Sequences have been deposited in the NCBI Sequence Read Archive entry for the project (PRJNA114713). Transcriptomes were assembled with Trinity ([@r20]), filtered with CD-hit ([@r21]), and the peptides predicted with Transdecoder ([@r22]). Orthologous groups were constructed using OrthoFinder ([@r23]). The full analysis pipeline is available from <https://github.com/niccw/hydracompgen>.
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